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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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I. IN
TRO

DUC
TION

AND
MOTIV

ATIO
N

The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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We pre
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to-pi

on fr
agme

ntatio
n fun

ction
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ext-to
-

leadi
ng-o
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accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba
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n the

latest
expe

rimen
tal in

form
ation
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singl
e-inc

lusiv
e pio

n pro
ducti
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ron-p
ositro
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eon d
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nelas
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n-pro
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iption
of al

l dat
a sets

is achie
ved,

and
the rema
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ies in parto
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fragm

entat
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The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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eadin
g-ord
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accur
acy u

sing
the la

test e
xperi

ment
al inf

orma
tion o

n sin
gle-in

clusi
ve ka

on pr
oduc

tion i
n ele

ctron
-posi

tron

annih
ilatio

n, lep
ton-n

ucleo
n deep

-inela
stic s

catte
ring,

and proto
n-pro

ton c
ollisi

ons.
An excel

lent d
escri

p-

tion o
f all

data
sets i

s ach
ieved

, and
the re

main
ing u

ncert
aintie

s in p
arton

-to-k
aon f

ragm
entat

ion f
uncti

ons

are e
stima

ted and discu
ssed

based
on th

e He
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meth
od. E

xtens
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s to t
he re
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our

previ
ous g

lobal
analy

sis a
re m
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final
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different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good
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analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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We rev
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sis o

f par
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ion f

uncti
ons a

t nex
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eadin
g-ord

er

accur
acy u

sing
the la

test e
xperi

ment
al inf

orma
tion o

n sin
gle-in

clusi
ve ka

on pr
oduc

tion i
n ele

ctron
-posi

tron

annih
ilatio

n, lep
ton-n

ucleo
n deep

-inela
stic s

catte
ring,

and proto
n-pro

ton c
ollisi

ons.
An excel

lent d
escri

p-

tion o
f all

data
sets i

s ach
ieved

, and
the re

main
ing u

ncert
aintie

s in p
arton

-to-k
aon f

ragm
entat

ion f
uncti

ons

are e
stima

ted and discu
ssed

based
on th

e He
ssian

meth
od. E

xtens
ive c

ompa
rison

s to t
he re

sults
from

our

previ
ous g

lobal
analy

sis a
re m

ade.
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07
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Global analysis of fragmentation functions for pions and kaons and their uncertainties
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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We pre
sent

a new
, com

prehe
nsive

globa
l ana

lysis
of pa

rton-
to-pi

on fr
agme

ntatio
n fun

ction
s at n

ext-to
-

leadi
ng-o

rder
accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba

sed o
n the

latest
expe

rimen
tal in

form
ation

on

singl
e-inc

lusiv
e pio

n pro
ducti

on in
elect

ron-p
ositro

n ann
ihilat

ion, l
epton

-nucl
eon d

eep-i
nelas

tic sc
atteri

ng,

and
proto

n-pro
ton collis

ions.
An excel

lent
descr

iption
of al

l dat
a sets

is achie
ved,

and
the rema

ining

unce
rtaint

ies in parto
n-to-

pion
fragm

entat
ion funct

ions
are estim

ated
based

on the Hess
ian meth

od.
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The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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CD analy
sis o

f par
ton-t
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n fragm

entat
ion f

uncti
ons a

t nex
t-to-l

eadin
g-ord

er

accur
acy u

sing
the la

test e
xperi

ment
al inf

orma
tion o

n sin
gle-in

clusi
ve ka

on pr
oduc

tion i
n ele

ctron
-posi

tron

annih
ilatio

n, lep
ton-n

ucleo
n deep

-inela
stic s

catte
ring,

and proto
n-pro

ton c
ollisi

ons.
An excel

lent d
escri

p-

tion o
f all

data
sets i

s ach
ieved

, and
the re

main
ing u

ncert
aintie

s in p
arton

-to-k
aon f

ragm
entat

ion f
uncti

ons

are e
stima

ted and discu
ssed

based
on th

e He
ssian

meth
od. E

xtens
ive c

ompa
rison

s to t
he re

sults
from

our

previ
ous g

lobal
analy

sis a
re m

ade.
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07
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Global analysis of fragmentation functions for pions and kaons and their uncertainties
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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We pre
sent

a new
, com

prehe
nsive

globa
l ana

lysis
of pa

rton-
to-pi

on fr
agme

ntatio
n fun

ction
s at n

ext-to
-

leadi
ng-o

rder
accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba

sed o
n the

latest
expe

rimen
tal in

form
ation

on

singl
e-inc

lusiv
e pio

n pro
ducti

on in
elect

ron-p
ositro

n ann
ihilat

ion, l
epton

-nucl
eon d

eep-i
nelas

tic sc
atteri

ng,

and
proto

n-pro
ton collis

ions.
An excel

lent
descr

iption
of al

l dat
a sets

is achie
ved,

and
the rema

ining

unce
rtaint

ies in parto
n-to-

pion
fragm

entat
ion funct

ions
are estim

ated
based

on the Hess
ian meth

od.
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The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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ment
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ve ka
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ton-n

ucleo
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ollisi

ons.
An excel

lent d
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ragm
entat

ion f
uncti
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on th

e He
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14
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Global analysis of fragmentation functions for pions and kaons and their uncertainties
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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We pre
sent

a new
, com

prehe
nsive

globa
l ana

lysis
of pa

rton-
to-pi

on fr
agme

ntatio
n fun

ction
s at n

ext-to
-

leadi
ng-o

rder
accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba

sed o
n the

latest
expe

rimen
tal in

form
ation

on

singl
e-inc

lusiv
e pio

n pro
ducti

on in
elect

ron-p
ositro

n ann
ihilat

ion, l
epton

-nucl
eon d

eep-i
nelas

tic sc
atteri

ng,

and
proto

n-pro
ton collis

ions.
An excel

lent
descr

iption
of al

l dat
a sets

is achie
ved,

and
the rema

ining

unce
rtaint

ies in parto
n-to-

pion
fragm

entat
ion funct

ions
are estim

ated
based

on the Hess
ian meth

od.
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The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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ment
al inf

orma
tion o

n sin
gle-in

clusi
ve ka

on pr
oduc

tion i
n ele

ctron
-posi

tron

annih
ilatio

n, lep
ton-n

ucleo
n deep

-inela
stic s

catte
ring,

and proto
n-pro

ton c
ollisi

ons.
An excel

lent d
escri

p-

tion o
f all

data
sets i

s ach
ieved

, and
the re

main
ing u

ncert
aintie

s in p
arton

-to-k
aon f

ragm
entat

ion f
uncti

ons

are e
stima

ted and discu
ssed

based
on th

e He
ssian

meth
od. E

xtens
ive c

ompa
rison

s to t
he re

sults
from

our

previ
ous g

lobal
analy

sis a
re m

ade.
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14
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Global analysis of fragmentation functions for pions and kaons and their uncertainties
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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ext-to
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leadi
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accur

acy i
n QC

D. T
he ob

taine
d res

ults a
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rimen
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form
ation
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singl
e-inc

lusiv
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ducti
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The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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We pre
sent

a new
, com

prehe
nsive

globa
l ana

lysis
of pa

rton-
to-pi

on fr
agme

ntatio
n fun

ction
s at n

ext-to
-

leadi
ng-o

rder
accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba

sed o
n the

latest
expe

rimen
tal in

form
ation

on

singl
e-inc

lusiv
e pio

n pro
ducti

on in
elect

ron-p
ositro

n ann
ihilat

ion, l
epton

-nucl
eon d

eep-i
nelas

tic sc
atteri

ng,
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proto

n-pro
ton collis
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An excel
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descr

iption
of al

l dat
a sets

is achie
ved,

and
the rema

ining

unce
rtaint

ies in parto
n-to-

pion
fragm

entat
ion funct

ions
are estim
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based

on the Hess
ian meth

od.
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I. IN
TRO

DUC
TION

AND
MOTIV

ATIO
N

The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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on pr
oduc
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annih
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n deep
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and proto
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ollisi
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An excel
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escri

p-
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data
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s ach
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ing u

ncert
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aon f
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entat
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ons
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I. IN
TRO

DUC
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to

*deflo@df.uba.ar

† sassot@df.uba.ar

‡ marco@ribf.riken.jp

PHYSICAL REVIEW D 75, 114010 (2007)

1550-7998=2007=75(11)=114010(26)

114010-1

© 2007 The American Physical Society

  Kaon FFs update DSS17

Star                             pT > 5 GeV
Alice                                   =2.76 TeV    

DSS07 factor ~2 away     Dg

Hermes, Compass 
DSS07 fairly well             Dq

Part
on-to

-pion
fragm

entat
ion reloa

ded

Dani
el de

Flori
an

* and R. Sa
ssot

†

Depa
rtam

ento
de F

ísica
and

IFIB
A, Fa

culta
d de C

ienci
as E

xacta
s y N

atura
les,

Univ
ersid

ad de B
ueno

s Air
es, C

iudad
Univ

ersita
ria, P

abell
ón 1, (1

428)
Buen

os A
ires,

Arge
ntina

Manue
l Epe

le
‡

Instit
uto d

e Fís
ica L

a Pla
ta, C

ONIC
ET - UN

LP, D
epar

tame
nto d

e Fís
ica, F

acult
ad de

Cien
cias

Exac
tas,

Univ
ersid

ad de L
a Plata

, C.C
. 69,

La Plata
1900

, Arg
entin

a

Roge
r J. H

ernán
dez-P

into
§

Depa
rtam

ento
de F

ísica
and

IFIB
A, Fa

culta
d de C

ienci
as E

xacta
s y N

atura
les,

Univ
ersid

ad de B
ueno

s Air
es, C

iudad
Univ

ersita
ria, P

abell
ón 1,

(142
8) Bu

enos
Aires

, Arg
entin

a and
Instit

uto de F
ísica

Corp
uscu

lar,

Univ
ersita

t de
Valèn

cia-C
onse

jo Supe
rior

de In
vestig

acion
es C

ientíf
icas,

Parc
Cien

tific,
E-46

980
Pater

na, V
alenc

ia, S
pain

Marco
Strat

mann
∥

Instit
ute for T

heor
etica

l Phy
sics,

Univ
ersity

of Tü
binge

n, Au
f der

Morge
nstel

le 14,

7207
6 Tübi

ngen
, Ger

many

(Rec
eived

24 Octo
ber 2

014;
publi

shed
29 Janu

ary 2015
)

We pre
sent

a new
, com

prehe
nsive

globa
l ana

lysis
of pa

rton-
to-pi

on fr
agme

ntatio
n fun

ction
s at n

ext-to
-

leadi
ng-o

rder
accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba

sed o
n the

latest
expe

rimen
tal in

form
ation

on

singl
e-inc

lusiv
e pio

n pro
ducti

on in
elect

ron-p
ositro

n ann
ihilat

ion, l
epton

-nucl
eon d

eep-i
nelas
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atteri

ng,
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proto

n-pro
ton collis
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a sets
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fragm
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on the Hess
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I. IN
TRO

DUC
TION

AND
MOTIV

ATIO
N

The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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An excel
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escri

p-
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data
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s ach
ieved

, and
the re
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ncert
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s in p
arton
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uncti

ons
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ssian

meth
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our
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions
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that
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Several relevant new data sets since DSS07

Pion FFs update DSS14

Belle, BaBar                               Q ~10 GeV
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DSS07 20% off at z~0.6   Dc
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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I. IN
TRO
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TION

AND
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N

The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th
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parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more
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and easie
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than
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s and
that

their
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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PACS numbers: 13.87.Fh, 12.38.Bx, 13.85.Ni

I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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I. IN
TRO

DUC
TION

AND
MOTIV

ATIO
N

The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14

Belle, BaBar                               Q ~10 GeV

Belle, BaBar, Compass, Hermes, Star, Alice

DSS07 20% off at z~0.6   Dc
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Daniel de Florian* and Rodolfo Sassot†

Departamento de Fisica, Universidad de Buenos Aires, Ciudad Universita
ria, Pabellon 1 (1428) Buenos Aires, Argentina

Marco Stratmann‡

Radiation Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

(Received 23 March 2007; published 22 June 2007)

We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An
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analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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I. IN
TRO

DUC
TION

AND
MOTIV

ATIO
N

The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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I. IN
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DUC
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14

Belle, BaBar                               Q ~10 GeV

Belle, BaBar, Compass, Hermes, Star, Alice

DSS07 20% off at z~0.6   Dc

Global analysis of fragmentation functions for pions and kaons and their uncertainties
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to

*deflo@df.uba.ar

† sassot@df.uba.ar

‡ marco@ribf.riken.jp

PHYSICAL REVIEW D 75, 114010 (2007)

1550-7998=2007=75(11)=114010(26)

114010-1

© 2007 The American Physical Society

  Kaon FFs update DSS17

Star                             pT > 5 GeV
Alice                                   =2.76 TeV    

DSS07 factor ~2 away     Dg

Hermes, Compass 
DSS07 fairly well             Dq

Part
on-to

-pion
fragm

entat
ion reloa

ded

Dani
el de

Flori
an

* and R. Sa
ssot

†

Depa
rtam

ento
de F

ísica
and

IFIB
A, Fa

culta
d de C

ienci
as E

xacta
s y N

atura
les,

Univ
ersid

ad de B
ueno

s Air
es, C

iudad
Univ

ersita
ria, P

abell
ón 1, (1

428)
Buen

os A
ires,

Arge
ntina

Manue
l Epe

le
‡

Instit
uto d

e Fís
ica L

a Pla
ta, C

ONIC
ET - UN

LP, D
epar

tame
nto d

e Fís
ica, F

acult
ad de

Cien
cias

Exac
tas,

Univ
ersid

ad de L
a Plata

, C.C
. 69,

La Plata
1900

, Arg
entin

a

Roge
r J. H

ernán
dez-P

into
§

Depa
rtam

ento
de F

ísica
and

IFIB
A, Fa

culta
d de C

ienci
as E

xacta
s y N

atura
les,

Univ
ersid

ad de B
ueno

s Air
es, C

iudad
Univ

ersita
ria, P

abell
ón 1,

(142
8) Bu

enos
Aires

, Arg
entin

a and
Instit

uto de F
ísica

Corp
uscu

lar,

Univ
ersita

t de
Valèn

cia-C
onse

jo Supe
rior

de In
vestig

acion
es C

ientíf
icas,

Parc
Cien

tific,
E-46

980
Pater

na, V
alenc

ia, S
pain

Marco
Strat

mann
∥

Instit
ute for T

heor
etica

l Phy
sics,

Univ
ersity

of Tü
binge

n, Au
f der

Morge
nstel

le 14,

7207
6 Tübi

ngen
, Ger

many

(Rec
eived

24 Octo
ber 2

014;
publi

shed
29 Janu

ary 2015
)

We pre
sent

a new
, com

prehe
nsive

globa
l ana

lysis
of pa

rton-
to-pi

on fr
agme

ntatio
n fun

ction
s at n

ext-to
-

leadi
ng-o

rder
accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba

sed o
n the

latest
expe

rimen
tal in

form
ation

on

singl
e-inc

lusiv
e pio

n pro
ducti

on in
elect

ron-p
ositro

n ann
ihilat

ion, l
epton

-nucl
eon d

eep-i
nelas

tic sc
atteri

ng,

and
proto

n-pro
ton collis

ions.
An excel

lent
descr

iption
of al

l dat
a sets

is achie
ved,

and
the rema

ining

unce
rtaint

ies in parto
n-to-

pion
fragm

entat
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I. IN
TRO

DUC
TION

AND
MOTIV

ATIO
N

The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed

* deflo
@df.ub

a.ar

† sasso
t@df.ub

a.ar

‡manu
epele

@gmai
l.com

§ roger
@df.ub

a.ar

∥marc
o.stra

tman
n@uni‑t

uebin
gen.d

e

PHY
SICA

L REV
IEW

D 91, 0
1403

5 (201
5)

1550
-799

8=20
15=9

1(1)=
0140

35(1
7)

0140
35-1

© 2015
Ame

rican
Phys

ical S
ociet

y

Part
on-to

-kao
n fragm

entat
ion revis

ited

Dani
el de

Flori
an

Inter
natio

nal C
enter

for A
dvan

ced Studi
es (IC

AS),
UNS

AM, Cam
pus M

iguel
ete,

25 de M
ayo y Fra

ncia
(165

0), B
ueno

s Air
es, A

rgen
tina

Manue
l Epe

le

Instit
uto de F

ísica
La Plata

, CO
NICE

T—UNL
P, D

epar
tame

nto de F
ísica

,

Facu
ltad

de C
ienci

as E
xacta

s, Un
ivers

idad
de L

a Plata
, C.C

. 69,
La Plata

, Arg
entin

a

Roge
r J. H

ernán
dez-P

into

Facu
ltad

de C
ienci

as F
ísico

-Matem
ática

s, Un
ivers

idad
Autó

noma
de Si

naloa
, Ciu

dad
Univ

ersita
ria,

CP80
000

Culia
cán,

Sinal
oa, M

éxico

R. Sa
ssot

Depa
rtam

ento
de F

ísica
and

IFIB
A, Fa

culta
d de C

ienci
as E

xacta
s y N

atura
les,

Univ
ersid

ad de B
ueno

s Air
es, C

iudad
Univ

ersita
ria, P

abell
ón 1 (142

8), B
ueno

s Air
es, A

rgen
tina

Marco
Strat

mann

Instit
ute f

or Th
eoret

ical
Phys

ics, U
niver

sity of Tü
binge

n,

Auf d
er M

orge
nstel

le 14, 7
2076

Tübi
ngen

, Ger
many

(Rec
eived

22 Febru
ary 2017

; pub
lishe

d 26 May 2017
)

We rev
isit th

e glo
bal Q

CD analy
sis o

f par
ton-t

o-kao
n fragm

entat
ion f

uncti
ons a

t nex
t-to-l

eadin
g-ord

er

accur
acy u

sing
the la

test e
xperi

ment
al inf

orma
tion o

n sin
gle-in

clusi
ve ka

on pr
oduc

tion i
n ele

ctron
-posi

tron

annih
ilatio

n, lep
ton-n

ucleo
n deep

-inela
stic s

catte
ring,

and proto
n-pro

ton c
ollisi
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14

Belle, BaBar                               Q ~10 GeV
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DSS07 20% off at z~0.6   Dc

Global analysis of fragmentation functions for pions and kaons and their uncertainties
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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We pre
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a new
, com

prehe
nsive

globa
l ana

lysis
of pa

rton-
to-pi

on fr
agme

ntatio
n fun

ction
s at n

ext-to
-

leadi
ng-o

rder
accur

acy i
n QC

D. T
he ob

taine
d res

ults a
re ba

sed o
n the

latest
expe

rimen
tal in

form
ation

on

singl
e-inc

lusiv
e pio

n pro
ducti

on in
elect

ron-p
ositro

n ann
ihilat

ion, l
epton

-nucl
eon d

eep-i
nelas

tic sc
atteri

ng,
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proto

n-pro
ton collis

ions.
An excel

lent
descr

iption
of al

l dat
a sets

is achie
ved,
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the rema
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unce
rtaint

ies in parto
n-to-

pion
fragm

entat
ion funct

ions
are estim

ated
based

on the Hess
ian meth

od.
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The q
uanti

tative
descr

iption
of ha

rd-sc
atteri

ng pr
ocess

es

invol
ving

ident
ified

light
hadro

ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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on pr
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annih
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n deep

-inela
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catte
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and proto
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ollisi

ons.
An excel
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data
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s ach
ieved

, and
the re
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ing u

ncert
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ragm
entat

ion f
uncti

ons
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ssed
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on th

e He
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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Several relevant new data sets since DSS07

Pion FFs update DSS14

Belle, BaBar                               Q ~10 GeV

Belle, BaBar, Compass, Hermes, Star, Alice

DSS07 20% off at z~0.6   Dc

Global analysis of fragmentation functions for pions and kaons and their uncertainties
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We present new sets of pion and kaon fragmentation functions obtained in next-to-leading order

combined analyses of single-inclusive hadron production in electron-positron annihilation, proton-proton

collisio
ns, and deep-inelastic lepton-proton scattering with either pions or kaons identified in the final

state. At variance with all previous fits, the present analyses take into account data where hadrons of

different electrical charge are identified, which allow one to discriminate quark from antiquark fragmen-

tation functions without the need of nontrivial flavor symmetry assumptions. The resulting sets are in good

agreement with all data analyzed, which cover a much wider kinematical range than in previous fits. An

extensive use of the Lagrange multiplier technique is made in order to assess the uncertainties in the

extraction of the fragmentation functions and the synergy from the complementary data sets in our global

analysis.
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I. INTRODUCTION AND MOTIVATION

The hadronization process turns partons produced in

hard-scattering reactions into the physical, colorless, non-

perturbative hadronic bound states detected in experi-

ments. Within the standard framework of leading-twist

collinear QCD [1], processes with
an observed

hadron in the final state can be described in terms of

perturbative hard-scattering cross sections and certain non-

perturbative but universal functions: parton distrib
utions,

accounting for the partonic structure of the hadrons in the

initial state just before the interaction, and fragmentation

functions, encoding the details of the subsequent hadroni-

zation process [2].

These three ingredients are therefore the pillars of the

perturbative QCD (pQCD) description of hard interactions;

their precise knowledge has been crucial for its success in

the past, and is imperative for the ongoing and future high

energy research programs [3]. In the past few years, the

improvement in each of these key areas has been remark-

able. Higher order QCD calculations have been explored

and validated for most processes up to next-to-leading

order (NLO) accuracy, and are currently being extended

even beyond that point for some observables [4].

The knowledge on parton distrib
utions has become in-

creasingly precise as a result of two decades of a wide

variety of high precision measurements, and strenuous

efforts to update and enlarge periodically the correspond-

ing QCD analyses [5,6]. State-of-the-art sets of parton

densities agree with each other well within the already

fairly small estimated uncertainties, and provide a picture

of the proton structure fully consistent with the data. For

most observables, and specifically for the ones we study in

the present analysis, the differences arising from the use of

one or another modern set of parton densities are negligibly

small compared with the uncertainties in their measure-

ment or from unknown higher order corrections.

Also fragmentation functions have been rapidly evolv-

ing, following the path of parton densities, however, with-

out attaining yet the precision of the latter [7–10]. Most of

the information used to determine these distrib
utions

comes essentially from electron-positron annihilation into

charged hadrons. These data have the important advan-

tages of being very precise, thanks to high statistic
s mea-

surements from CERN-LEP and at SLAC [11–16] and

clean, in the sense that the corresponding cross sections

have no dependence on parton densities.

In spite of these advantages, electron-positron annihila-

tion data suffer from many shortcomings. In the first place,

the data give per se no information on how to disentangle

quark from antiquark fragmentation as they always refer to

the charge sum for a certain hadron species, e.g., !
! !

!" . The information on how the individual quark flavors

fragment into hadrons depends crucially on so-called ‘‘tag-

ging’’ techniques and the underlying assumptions imple-

mented in the Monte Carlo generators employed [14]. In

addition to that, at the mass scale of the Z-boson, i.e., for

the bulk of the electron-positron annihilation data, all

electroweak couplings become roughly equal and thus

only flavor singlet combinations of fragmentation func-

tions can be determined.

Also the gluon fragmentation is not exceedingly well

constrained, since the subleading NLO corrections for

electron-positron annihilation are too weak to determine

it; quark-gluon mixing in the scale evolution of fragmen-

tation functions is not enough of a constraint either, due to
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ns in
the fi

nal s
tate r

equir
es

a pre
cise

know
ledge

of ho
w quark

s and
gluon

s had
roniz

e.

In th
e fram

ewor
k of

pertu
rbativ

e QC
D (pQC

D), w
hich

we

pursu
e in t

he fo
llowi

ng, th
is vit

al inf
orma

tion i
s enc

oded
in

parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
[1].

To

matc
h the

incre
asing

amou
nt an

d pre
cisio

n of e
xperi

ment
al

resul
ts, th

e avail
abilit

y of re
liable

sets
of FF

s for
a large

varie
ty of ha

dron
s, in

partic
ular,

for n
eutra

l and
charg

ed

pions
and

kaon
s, as

well
as accur

ate estim
ates

of their

unce
rtaint

ies is
of th

e utm
ost re

levan
ce an

d the s
ubjec

t of

this s
tudy.

Like
parto

n distri
butio

n funct
ions

(PDF
s), FFs

are

requi
red in a pQC

D calcu
lation

to cons
isten

tly abso
rb

certa
in class

es of collin
ear parto

n-par
ton confi

gurat
ions

relate
d to long-

dista
nce p

hysic
s, i.e

., int
eract

ions
happ

en-

ing a long
time

after
the actua

l har
d-sca

tterin
g proce

ss.

As such
, FFs

are nonp
ertur

bativ
e quan

tities
, and

any

infor
matio

n abou
t the

m need
s to be gathe

red from
data,

prefe
rably

in a globa
l QC

D analy
sis comb

ining
resul

ts

obtai
ned in a larg

e var
iety of pr

ocess
es. T

hese
fits o

f FFs

are f
acilit

ated
by assum

ing facto
rizati

on [2], w
hich

allow
s

one t
o comp

ute th
e rele

vant
short

-dista
nce h

ard-s
catte

ring

matri
x elem

ents
pertu

rbativ
ely,

and
the fact

that
pQC

D

predi
cts th

e sca
le ev

olutio
n of FF

s ver
y much

in the s
ame

way
as fo

r PD
Fs. F

ragm
entat

ion funct
ions

depe
nd on the

parto
n of fla

vor i
whic

h hadro
nizes

, the
fracti

on z of its

four-
mom

entum
taken

by th
e obs

erved
hadro

n Hi, an
d the

scale
Q at whic

h they
are prob

ed in a hard-
scatte

ring

proce
ss. In what

follo
ws,

they
will

be deno
ted

as

DH
i
ðz;Q

2 Þ. All
relev

ant ingre
dient

s for a globa
l QCD

analy
sis of FFs

are fully
know

n up to next-
to-lea

ding-

order
(NLO

) acc
uracy

in the
stron

g cou
pling

αs co
mpri

sing

the kerne
ls gove

rning
the timel

ike scale
evolu

tion
[3,4]

,

singl
e-inc

lusiv
e hadro

n prod
uctio

n in elect
ron-p

ositro
n

annih
ilatio

n (SI
A) [5

–7] an
d pro

ton-p
roton

(pp)
collis

ions

[8],
and

hadro
n multi

plicit
ies in semi

-inclu
sive

deep
-

inela
stic l

epton
-nucl

eon scatte
ring

(SID
IS) [

7,9].

A first g
lobal

QCD
analy

sis of
data

colle
cted

for al
l thes

e

hadro
n prod

uctio
n proce

sses
in terms

of pi
on (and

kaon
)

FFs
was

perfo
rmed

quite
some

time
ago

in Ref.
[10],

comm
only

know
n as “D

SS analy
sis,”

follo
wed

by simil
ar

fits for eta meso
ns, proto

ns, and
unide

ntifie
d charg

ed
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sis o

f par
ton-t
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ion f
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ons a
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eadin
g-ord

er

accur
acy u

sing
the la

test e
xperi

ment
al inf

orma
tion o

n sin
gle-in

clusi
ve ka

on pr
oduc

tion i
n ele

ctron
-posi

tron

annih
ilatio

n, lep
ton-n

ucleo
n deep

-inela
stic s

catte
ring,

and proto
n-pro

ton c
ollisi

ons.
An excel

lent d
escri

p-

tion o
f all

data
sets i

s ach
ieved

, and
the re

main
ing u

ncert
aintie

s in p
arton

-to-k
aon f

ragm
entat

ion f
uncti

ons

are e
stima

ted and discu
ssed

based
on th

e He
ssian

meth
od. E

xtens
ive c

ompa
rison

s to t
he re

sults
from

our

previ
ous g

lobal
analy

sis a
re m

ade.
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Parto
n-to-

hadro
n fragm

entat
ion

funct
ions

(FFs)
para-

metri
ze ho

w quark
s and

gluon
s tha

t are
prod

uced
in hard

intera
ction

s at high
energ

ies confi
ne them

selve
s into

hadro
ns m

easur
ed and

ident
ified

in expe
rimen

t [1].
This

infor
matio

n is be
yond

the reach
of pe

rturb
ative

quan
tum

chrom
odyn

amic
s (pQ

CD)
and must

there
fore

be infer
red

from
the weal

th of da
ta on ident

ified
hadro

n prod
uctio

n

unde
r the theor

etica
l ass

umpt
ion that

the relev
ant n

on-

pertu
rbativ

e dyn
amic

s of F
Fs fa

ctoriz
es in

a uni
versa

l way

from
the c

alcul
able

hard
parto

nic c
ross

sectio
ns [2

] up
to

smal
l cor

rectio
ns w

hich
can be us

ually
negle

cted.

Preci
se know

ledge
of FF

s is vital
for t

he quan
titativ

e

descr
iption

of a
wide

varie
ty of ha

rd-sc
atteri

ng proce
sses

desig
ned t

o pro
be th

e spi
n and

flavo
r stru

cture
of nu

cleon
s

and
nucle

ar matte
r and

their
interp

retati
on at th

e most

elem
entar

y and
fund

amen
tal le

vel. E
ven t

houg
h the

role o
f

FFs h
as be

en hi
ghlig

hted
since

the e
arly d

ays o
f the

parto
n

mode
l [1],

only
relati

vely
recen

tly has i
t bec

ome
possi

ble

to comb
ine preci

se enou
gh data

from
diffe

rent
proce

sses

with
pertu

rbativ
e calcu

lation
s of matc

hing
accur

acy
to

deter
mine

FFs
for ident

ified
pions

and
kaon

s withi
n

mean
ingfu

l unc
ertain

ties i
n wh

at is
now

comm
only

know
n

as th
e “D

SS 07 globa
l ana

lysis”
[3].

Preci
se parto

n-to-
kaon

FFs
are usua

lly cons
idere

d as a

key
ingre

dient
to prob

e the stran
gene

ss conte
nt of

the

nucle
on and

are expe
cted

to be of cr
ucial

impo
rtanc

e in

furth
er co

nstra
ining

the corre
spon

ding
mom

entum
distri

-

butio
ns at a futur

e elect
ron-i

on collid
er (EIC

) throu
gh

charg
ed kaon

prod
uctio

n in semi
-inclu

sive
deep

-inela
stic

scatte
ring

(SID
IS) [

4]. T
his is

espec
ially

the case
for th

e

helic
ity de

pend
ent s

trang
eness

parto
n dis

tribu
tions

Δs an
d

Δs̄ [5,6]
, larg

ely becau
se of th

e comp
lete

lack
of ot

her

expe
rimen

tal c
onstr

aints
from

neutr
ino-i

nduc
ed, e

lectro
-

weak
deep

-inela
stic struc

ture
funct

ion meas
urem

ents
[7]

that a
re ro

utine
ly utiliz

ed in all ex
tracti

ons o
f unp

olariz
ed

parto
n dis

tribu
tion

funct
ions

(PDF
s); se

e, e.g
., [8–1

0]. F
or

the discu
ssion

s bel
ow, i

t sho
uld be kept

in mind
that

the

unpo
larize

d stran
gene

ss PD
F is als

o less w
ell co

nstra
ined

than
the l

ight
sea q

uarks
; see

, e.g.
, [8].

The
relati

vely
poor

preci
sion

achie
ved for th

e ava
ilable

parto
n-to-

kaon
FFs

[3,11
–13]

as co
mpar

ed to deter
mina

-

tions
of pion

FFs
is an impo

rtant
limit

ing facto
r, wi

th

relati
ve unce

rtaint
ies roug

hly
one

order
of magn

itude

large
r tha

n those
estim

ated
for th

e corre
spon

ding
parto

n-

to-pi
on FF

s [3,1
4]. T

his is
readi

ly un
derst

ood f
rom

the fa
ct

that
pions

are much
more

copio
usly

prod
uced

and easie
r

to ident
ify expe

rimen
tally

than
kaon

s and
that

their
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General framework:

Mostly DSS  -NLO global fit to SIA, SIDIS and pp-  but:

analytic normalization

usual parameterizations
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SIA: light quark singlet, charm and bottom
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SIDIS: charge and flavor separation
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strangeness in the proton
isospin/charge  symmetry breaking

nuclear effects in initial and final states




